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SUMMARY The relationship between the shape of the ascending aortic pressure WRYe form and aortic input 
impedance was studied in 18 patients who underwent electi? e cardiac catheterization but in whom no heart dis- 
ease was found. Ascending aortic flow velocity and pressure were simultaneously recorded from a multisensor 
catheter with an electromagnetic velocity probe and a pressure 5ensor mounted at Che same location. Another 
pressure sensor at the catheter tip provided left ventricular pressure or a second aortic pressure to determine 
pulse-wave velocity. Fick cardiac outputs were used to scale the velocity signal to instantaneous volumetric 
flow. Input impedance was calculated from 10 harmonics of aortic pressure and flow. For each patient, im- 
pedance moduli and phases from a minimum of 15 beats during a steady state were averaged. Peripheral 
resistance was 1 137 ± 39 dyn-sec-cm"* (± SEM) and characteristic impedance was 47 ± 4 dyn-sec-cm'*; pulse- 
ware velocity was 6.68 ± 032 ra-seC*. In all patients, a well-defined systolic inflection point divided Che aortic 
pressure wave form into an early and late systolic phase. The patients were cjassjSed Sato three groups: group 
A (n - 7) — patients whose late systolic pressure exceeded ea r35_syst oHc pressure: group B (a — 7) — pa- 
tients_ whose- early and late systolic pressures were nearly equal; group C (n~~ 4) — patients whose early" 

* ~'~ ~~ " ' aiSdl 



systolic pres surejyeggded late systolic pressu re. Group A ana 5 patients all demonstrated oscillations ofTFe 
impedance moduli about the characteristic impedance. Group C patients demonstrated flatter impedance spec- 
era. Thus, &j larger secondary rise ia pressure was associated with a more oscillatory impedance spectrum. 
These results suggest that the differences in pressure wave forms are due to differences in reflections in the 
arterial tree; and not secondary to differences in cardiac function. Using pulse-wave velocity, the "effective- 
reflection site distance was determined from both pressure (48 cm) and impedance (44 cm) data, implying that 
the region of the terminal abdominal aorta acts as the major reflection site in normal adult man. 
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THE CHARACTER of the arterial pulse as palpated 
by the physician at the bedside or displayed by 
laboratory pulse recording techniques has long been 
an important, part of the clinical evaluation of the 
patient with heart disease. Arterial pressure is the 
result of an interaction between the heart and the 
arterial system, so that the magnitude and shape of the 
pressure pulse will be affected by changes in the 
peripheral circulation or alterations in cardiac func- 
tion. Recent improvements in intravascular pressure 
measurement techniques have revealed major 
differences in the configuration of aortic pressure 
waves among patients, even in the absence of car- 
diovascular disease. 1 One way to determine whether 
these observations, are secondary to differences in car- 
diac function or differences in the periphery is to use 
methods that selectively describe the arterial system. 
To do so, special relationships involving both pressure 
and flow must be developed. The best known of these 



From the Cardiology Service, Department of Medicine. Brooke 
Army Medical Center, Fort Sam Houston. Tcaaj. and the 
Laboratory for Physiology. Free University. Amsterdam. The 
Netherlands. 

Supported in part by the Scientific Affairs Division, North Atlan- 
tic Treaty Organization, NATO research grant 1595. 

Presented in pan at the 5 1st Annual Scientific Sessions of the 
American Heart Association, Dallas. Texas. November 15. 1978. 

The opinions or assertions contained herein are the private vic*s 
of the authors and are not to be construed as reflecting the views of 
the Department of the Army or the Department of Defense. 

Address for correspondence: Joseph P. Murgo. LTC. MC, Chief 
of Cardiology, Department of Medicine, Brooke Army Medical 
Center. Fort Sam Houston. Texas 78234. 

Received June 28. 1979: revision accepted December 28. 1979. 

Circulation 62. No. 1, 1980. 



relationships is the input impedance. In general, im- 
pedance is calculated from the ratio of the pressure 
difference across the system under study and the total 
flow through that system. The description of the 
anerial system found by only taking the ratio between 
mean pressure difference and mean flow is limited and 
only gives the value of peripheral resistance. The 
calculation of input impedance requires measuring 
pulsatile pressure and flow waves and deriving their 
respective sinusoidal components by Fourier 
analysis. 1 * J 

Until recently, technically adequate simultaneous 
pulsatile pressure and flow signals from the same loca- 
tion in the ascending aorta of intact, un anesthetized 
man have been difficult to obtain. Accordingly, few 
studies of ascending aortic input impedance in man 
have been performed and have been principally 
limited to patients with disease. 4 ** Furthermore, car- 
diologists have expressed little interest in these 
measurements since the derivation of impedance is 
complicated and its clinical usefulness has not been 
demonstrated. In recent years, however, phar- 
macologic manipulation of the systemic circulation in 
advanced ischemic heart disease, severe mitral and 
aortic regurgitation, and the congestive cardiomyo- 
pathies has stimulated an interest in more objective 
measurements of the arterial system 10 ** 13 and the rela- 
tionship of these measurements to ventricular load, 14 - ,a 
The calculation of input impedance in a clinical envi- 
ronment has been greatly facilitated by the develop- 
ment of multisensor catheterization techniques 1 ** lT 
combined with the application of dedicated minicom- 
puters for human hemodynamic research. " 

In this study we examined the methods to measure 
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input impedance reliably in the clinical cardiac 
catheterization laboratory, established the range of 
values of ascending aortic input impedance in normal 
man at rest, and investigated the relationship of im- 
pedance to the aortic pressure wave form, with par- 
ticular attention to reflection phenomena. 

Methods 

Patients and Catheterization Techniques 

Eighteen patients were cathctcrized for various 
clinical indications, the most common of which was a 
chest pain syndrome. No cardiovascular disease was 
found by hemodynamic measurements during rest and 
exercise, left ventricular cineangiography or coronary 
arteriography. All patients were studied in a basal 
state and were cither unsedatcd or very lightly sedated 
(diazepam 10 mg orally 1 hour before the procedure). 
Right- and left-heart catheterizations were performed 
using special multisensor catheters"- 17 during both 
rest and supine dynamic exercise using a bicycle 
ergometer. Steady-state conditions were determined 
by a stable heart rate and stable sequential pulmonary 
artery hemoglobin oxygen saturation measurements. 

Oxygen consumption was then determined by 
collecting expired air with a Douglas bag for 5 minutes 
and measuring oxygen content using the Scholander 
technique. During the air collection, arteriovenous 
oxygen content difference was derived from blood 
specimens collected from the aorta and pulmonary 
artery. Cardiac output was then calculated using the 
direct Fick method." Duplicate determinations were 
made to evaluate reproducibility. All hemodynamic 
measurements, including the pressure and flow 
velocity signals used to derive impedance, as described 
below, were recorded during this period. 

Biplane left ventricular cineangiography and selec- 
tive coronary arteriography were performed after 
hemodynamic data were collected. If the ascending 
aortic root was not adequately visualized during the 
ventriculography study, a selective aortic root 
angiogram was performed to measure the mean 
systolic radius of the ascending aorta. The aortic 
radius was determined to evaluate the proximal 
geometry of the arterial tree. The study protocol was 
approved by the Clinical Investigation and Human 
Use Committees at Brooke Army Medical Center and 
the United States Army Surgeon General's Office. In- 
formed consent was obtained from all patients. 

Custom-designed left- and right-heart multisensor 
catheters were used. The left-heart catheter contained 
two solid-state pressure sensors (Millar Mikro-Tip 
Millar Instruments. Houston. Texas) and an elec- 
tromagnetic flow velocity probe (Carolina Medical 
Electronics, King, North Carolina 1973-75; Millar 
Instruments 1975-79). Both pressure sensors were 
mounted laterally, with one sensor located at the tip of 
the catheter and the second located 5 cm away. The 

°u thet . Cr ^ aS dcsi S ncd so tha * thc sensing electrodes of 
the velocity probe and thc aortic pressure sensor were 
mounted at the same site. Using a brachial 
artenotomy, this catheter was rctrograddy passed 
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across the aortic valve so that the tip sensor was within 
the left ventricular cavity, with the second sensor and 
associated electromagnetic flow velocity probe 3-5 cm 
above the aortic valve. This arrangement maximizes 
stability of the transducers in thc ascending aorta 
while simultaneously providing left ventricular 
pressure. Details of thc technical characteristics of 
these sensors, including frequency response drift 
characteristics and calibration techniques, have been 
described. 18 ^ *° ^ 4 

Pulse-wave velocity was measured by withdrawing 
the catheter until both pressure transducers were in 
thc ascending aorta. Foot-to-foot time delays 2 were 
measured in a minimum of 12 sequential beats usine 
high-amphfication high-speed recordings (paper 
speed 1000 mm/sec). The foowo-foot pulse-wave 
velodty^ 35 3SSUmcd l ° be to thc P^sc 

Signal Processing 

and Computational Techniques 

The flow velocity probes were used in conjunction • 
with either a Carolina Medical Electronics square- 
wave flow meter (Model 501, Carolina Medical Elec- 
tronics, King, North Carolina) or a Biotroncx 
sinewavc flow meter (Model BL-613, Biotronex 
Laboratory, Inc., Silver Spring, Maryland). The fre- 
quency response of the flow-velocity measurements 
was determined primarily by the electronics with low- 
pass characteristics down 3 Db at 100 Hz. Pressure 
and flow signals were low-pass filtered with corner fre- 
quencies at 100 Hz. All data were recorded on a 
Honeywell 5600 analog tape recorder and an 1858 
fiberoptic strip-chart recorder (fig. 1). Digital process- 
ing was obtained using a 13-bit analog-to-digital con- 
verter at 200 samples/sec coupled to a Honeywell 316 
minicomputer. Thc technical details of thc analog and 
digital processing have been described elsewhere » 

The spatial flow velocity profile in thc proximai as- 
cending aorta was assumed to be blunt" and cyclic 
changes in thc diameter of the ascending aorta were 
considered negligible so that the aortic flow velocity 
signal was used to represent instantaneous voiurnciric 
flow. In vivo calibration of this signal was ac- 
complished by integrating thc area under thc curves 
and setting those areas equal to the stroke volume as 
determined by the direct Fick method. Using thc elec- 
trocardiographic RR interval as thc fundamental 
period, the Fourier scries of pressure and flow were 
determined for thc first 10 harmonics. The arterial 



system has been shown to be sufficiently linear to per- 
mit impedance calculations.*- * Arterial input im- 
pedance should be calculated from a pressure 
difference across the system (aortic pressure minus 
right atnal or venous pressure) and aortic flow. Since 
nght atrial pressure for these patients was small com- 
pared with aortic pressure, the aortic pressure was 
used alone. 3 Amplitude and phase spectra of im- 
pedance were calculated by dividing amplitudes and 
subtracting the phase angles of thc aortic pressure and 
flow components. 
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Figure I. Example of a multiscnsor catheter recording, AO «= aortic: LV « fc/r ventricular pressure. 



A spectral averaging algorithm was used ;o remove 
the effects of noise in the physiologic signals, es- 
pecially the flow velocity signal, which inherently has a 
poorer signal-to-noisc ratio than pressure. Those car- 
diac cycles with a fundamental frequency outside the 
range of db 10% of the average were eliminated from 
the computation. At least 15 beats formed the basis of 
further averaging. "The means and standard deviations 
of the impedance moduli of the remaining spectra 
were then calculated. All impedance moduli beyond ± 
2 so were removed in calculating a final average 
modulus spectrum. Means and standard deviations for 
the phase spectral components were also calculated, 
eliminating terms outside the range of ± 90 degrees up 
to the fifth harmonic. Beyond the fifth harmonic, an 
additional ± 5 degrees per harmonic were allowed 
because small errors in delay times produce large errors 
in the calculation of phase components at the higher 
harmonics.* For example, at the sixth harmonic, phase 
angles outside ± 95 degrees were eliminated: All 
phase angles beyond it 2 so were deleted in 
calculating a final average phase spectrum. This 
technique has the effect of removing spurious data 
caused by noise and - by the integer arithmetic 
operations on very small components of flow and 
pressure. These procedures resulted in discarding 
5-10% of the original data points. To indicate the 
variability of the spectra and the effects of this averag- 
ing technique, 18 spectra and their average spectrum 
from a single patient arc shown in figure 2. 
Characteristic impedance was defined as the average 
of alt impedance moduli above 2 Hz.* 

To relate the pattern of the impedance spectral plots 
to the shape of the ascending aortic pressure wave 
form, patients were divided into three subgroups. 
Figure 3 illustrates the basis for this classification: 

Type A: patients whose peak systolic pressure (P pk ) 
occurred in late systole after a well-defined inflection 
point (P,) and AP/PP > 0.12, where AP = P pk - P, 
and PP = total pulse pressure. 



Type B: patients whose peak systolic pressure also 
occurred in late systole following an inflection point, 
but 0.0 < AP/PP < 0.12 (not illustrated). 

Type C: patients whose peak systolic pressure 
preceded a well-defined inflection point and AP/PP < 
0.0 (i.e., a negative slope between P pK and P,). 



-J- = *MO 
18 »<ATS 



o JO 




Figure 2. Example of arterial input impedance computed 
from 18 beats and the calculated average impedance. The 
zero- Hz term of the impedance is 1066 ±67 dyn-sec-cm *. 
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A P = P p V - P J = +17mmHg 
PP = 57mmHg 
AP/PP = + 0.29 
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AP = P ; -Ppfc = -6mmH g 
PP = 31 m m H g 
AP/PP = -0.J9 
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TYPE A BEAT 



TYPE C BEAT 



Figure 3. JVmfiw h^v* /o™, classification (see text). An example of ho„ (he ratio A P/PP war 
calculated is given for both a type A and a type C beat. 



To characterize the patterns of the impedance 
m duli plots for the three subgroups, each subject's 
amplitude spectra were normalized to his or her 
characteristic impedance (Z e ). The normalized moduli 
and the phases were then averaged by harmonic for 
each subgroup. 

Results 

Two of the patients were female and 16 were male. 
General patient characteristics and hemodynamic 
data appear in table 1. Although there was a tendency 
toward decreasing age from group A to group C, a 
significant difference was present only between group 
A and group C. There were no significant differences 
in cardiac output, cardiac index (not tabulated), peak 
aortic Mow or aortic pressure among groups A, B and C. 

Examples of the impedance spectra obtained from a 
patient with type A beats and a patient with type C 
beats are shown in figure 4. In both patients, the 
amplitude spectra for the aortic input impedance dis- 
play a relatively large mean term (the peripheral 
resistance) with a rapid fall within several Hz to an 
average or characteristic impedance (Z c ) of 1/10 to 
1/20 of the peripheral resistance. The phase angle is 
negative at low frequencies and becomes positive or 
zero at the higher harmonics. The initial zero crossing 
of the phase angle occurs near the same frequency as 
the first minimum of the amplitude spectrum. Despite 
these similarities, a distinct difference in the amplitude 
spectra of the two patients illustrated in figure 4 is 
evident. The pattern of the modulus spectrum for the 
patient with the type A beats demonstrates a very dis- 
tinct minimum at the third harmonic, followed by a 
distinct maximum at the sixth harmonic. However 



the patient with type C beats demonstrates a flatter 
spectrum in the first six harmonics. The patient with 
type A beats also demonstrates a more negative phase 
angle at the lower harmonics. 

Patients were grouped by the magnitude of AP/PP 
because this was an obvious differentiating factor 
based on the pressure wave forms (fig. 3 and tabic 2). 
Figure 5 illustrates the average impedance spectra for 
each subgroup after normalization to characteristic 
impedance. Although averaging by harmonics may 
cause smoothing of spectra if heart rates and patient 
size vary considerably," such an average serves to 
compact the data for groups of patients and so was 
used to examine the patterns of the spectral plots for 
the three groups. When so organized, the differences 
among the subgroups were found to be similar to the 
individual examples shown in figure 4. Patients in 
group A demonstrated well-defined minima and max- 
ima and relatively large oscillations about Z e , while 
those in group C revealed a flat or less well organized 
amplitude spectrum. Group B demonstrated an in- 
termediate pattern. These differences in the patterns 
of the impedance spectral plots are noteworthy 
because no significant differences in peripheral 
resistance or characteristic impedance were found 
among the three subgroups (table 3). The average 
peripheral resistance for the entire group was 1137 
dyn-scc-cm-' and the average characteristic im- 
pedance was 47 dyn-sec-cm". These results arc similar 
to those reported by Nichols ct al., fl but the 
characteristic impedance in these normal patients is 
lower than that reported by others. 4-7 0 

Foot-to-foot pulse-wave velocity measurements are 
given in table 2. The foot-to-foot pulse-wave velocity 
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Table 1. Patient Characteristics and Hemodynamic Data 



Pt 


Age 
(years), 
sex 


BSA 
(m=) 


Aortic 
radius 
(cm) 


Heart 
rate 
(beat*/ 
min) 




Pressure daw. 


- — — — 


Flow data 




Ao S 
(mm Hg) 


Ao D 
(mm Hg) 


Ao M 
(mm Hg) 


O&rdiac 
output 
(l/min) 


Stroke 
volume 
(ral) 


JreaJc 
flow 
(ml /sec) 


Group A (a — 7) 




















Al 


54 F 


1,86 


1.4 


78 


126 


68 


96 


6.7 


86 


655 


A2 


53 F 


2.00 


1.5 


69 


146 


73 


kvrk 


6.8 


99 


622 


A3 


38 M 


2.02 


1.1 


G6 


111 


71 


91 


7.1 


109 


750 


A4 


32 M 


1.97 


1.1 


59 


109 


70 


8S 


6-6 


112 


879 


A5 


35 M 


1.96 


1.3 


68 


111 


71 


90 


6.8 


100 


560 


A6 


32 M 


1.88 


1.0 


79 


120 


82 


99 


6.7 


85 


693 


A7 


39 M 

i 


2.07 


1.3 


63 


124 


73 


95 


5.7 


91 


775 


Mean 






















=*=3EW 


40 * 4- 


1.97 =e 0.03 


1.2 =*= 0.1 


69 -** 3 


121 5 


73 2 


95 2 


6.6 ^ 0.2 


97 * 4 


706 ~ 40 


Group B (n — 7) 




















Bl 


24 M 


1.58 


1.3 


81 


115 


82 


99 


4.9 


61 


404 


B2 


43 M 


1.86 


1.4 


92 


110 


79 


94 


7.7 


84 


757 


B3 


33 M 


2.00 


1.2 


66 


107 




92 


7 1 


JLUO 


too 


B4 


37 M 


1-98 


1.1 


59 


101 


61 


CO 


6.1 


101 


787 


Bo 


25 M 


2.09 


1.0 


94 


125 


89 


108 


7-1 


76 


745 


B6 


3S M 


2.13 


1.3 


110 


125 


94 


109 


7.9 


72 


557 


B7 


30 M 


2-00 


1.4 


71 


108 


74 


92 


6.4 


90 


589 


Mean 






















= SEU 


33 =*= 3 1.96 0.07 


1.2 * 0-1 


82 = 7 


113 * 3 


80 = 4 


97 — 4 


6.7 = 0.4 


85 ^ 6 


669 =± 49 


Group C (n = 4) 




















CI 


23 M 


2.19 


1.1 


65 


111 


OA 


97 


7.1 


109 




C2 


29 M 


2.04 


1.2 


80 


100 


70 


87 


8.2 


102 


626 


C3 


19 M 


1.87 


1.3 


85 


12G 


era 


109 




O k 


Oot> 


C4 


25 M 


2.14 


1.3 


88 


129 


79 


102 


7.7 


88 


638 


Mean 






















— SEM 


24 2* 2.06 - 0,07 


1.2 * 0.1 


80 - 5 


U6 = 7 


80 ^ 4 


99 ^ 5 


7.5 ~ 0.3 


95 * 6 


671 =*= 56 


Total (a 


- 18) 




















Mean 
























34 * 2 1.98 * 0.03 


1.2 =*= 0.03 


76 3 


117 * 3 


77 2 


96 a 2 


6.9 -*« 0,2 


92 3 


684 * 26 



m p < 0.05. analysis of variance with Scheffe's test for multiple comparison (Scbeffe**). 
Abbreviations: BSA = body surface area; Ao S, D, M = aortic systolic, diastolic m 



mean press ures- 



is close to the true phase velocity (c) and to the 
average apparent phase velocity above 2 Hz* The 
foot-to-foot pulse-wave velocity averaged over all 
patients was 6.68 m/sec, which is similar to the results 
reported by Learoyd and Taylor" and close to the 
average apparent phase velocity above 2 Hz as 
published by Gabe ct al_ a Except for patient C-3, there 
was a tendency toward lower pulse-wave velocities in 
the younger age group. 

The simplest analog model that displays many of 
the features of the impedance data described above is 
an elastic tube connected to a pump and terminated in 
a resistance. 7 * 7 ; 74 When the terminating resistance 
difTers from the characteristic impedance of the tube, 
wave reflections arise at the termination of the tube 
and result in a pattern of minima and maxima in the 
modulus of the input impedance associated with zero 



crossings of the phase angle. If, for the purposes of 
conceptualization, one applies this simple model to the 
aorta, it is possible to derive an "effective" length, i.c„ 
the distance from measurement site to reflection site, 
by the quarter wave length relationship*: 

U « c/(4r mln ) (l) 
where L« is the effective length, c is the phase velocity, 
and f mln is the frequency at which the first minimum of 
the impedance modulus occurs. Using the foot-to-foot 
pulse-wave velocity as an approximation to the phase 
velocity, 7 -* L z may be expressed as: 

L, = PWV/(4f mln ) (2) 

This relationship was used to calculate the "effec- 
tive^ length of the arterial system and found to be 
similar in all three groups (table 3) with an average 



02- 8- 5; 5:l2PM;B*3-y>(ft) ? wv 



110 



type a 



SOOcc/<«c 




CIRCULATION 

TYPg C 



o 

5 




A 



2 

5 o 



U 0 



< 

X 











=Ns| 


PT#»A-5 



; 0 568 78 0 6.2 0 
Vol 62, No l f July 1980 



FIGURE 4. Pressure and flow waves and 
corresponding impedance plots from type A 
and type C beats. The zero- Hz term of the 
impedance (peripheral resistance) is 10S9 =fc 
26 dyn-scc-em'* (±. so) for patient A-5 and 
849 ± S9 dyn-sec-cm'* for patient AO 
= aortic: LV =* left ventricular. 



distance of 44 i 2 cm (± SEM). 

If ihc terminating resistance in the single tube 
model is more closely matched to the lube's 
characteristic impedance, wave reflections will be 
minimal or absent and the impedance spectrum is 
'•flatter.*' 

An indicator of the amplitude of oscillation of the 
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impedance moduli about the characteristic impedance 
(and therefore of the degree of arterial reflection 3 ) is 
given by the equation: 

(Z ro „ - 2 roln )/Z c (3) 

where Z min and Z TO «» are the values of the minimum 
and maximum input impedance moduli. There is a 
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Figure 5. A verage normalized impedance spectra for the three subgroups. 
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T/VHLR 2. Z)oio Derived from Pressure Wave Forms 

AP L p PWV 

Pt PP (msec) (cm) (m/scc) 



Group A (n — 7) 



Al 


a32 


106 


33 


6.31 


A2 


0.38 


113 


49 


8.66 


A3 


0.18 


135 


48 


7.15 


A4 


0.15 


155 


56 


7.22 


A5 


0.19 


150 


50 


6.71 


A6 


034 


130 


31 


4.82 


A7 


0.18 


1G0 


53 


6.59 


Mean 


0.23 


i 136 * 8 


46 ^ 4 


6.78 




=*=0.03 






-=0.44 


Group B (n 


= 7) 








Bl 


0.10 


160 


51 


6.42 


B2 


0.11 


108 


32 


5.92 


B3 


0.09 


18S 


55 


5.81 


B4 


0.10 


179 


59 


6.63 


B5 


0.00 


145 


34 


4.64 


B6 


0,05 


125 


53 


8.42 


B7 


0.12 


173 


65 


7 57 




0.08 


154 =*= 11 


50 =*= 5 






<*0.02 






•*-0.47 


Group C (n 


- 4) 








CI 


— 0.12 


189 


54 


5.70 


C2 


-0.13 


180 


50 


5.52 


C3 


—0.06 


109(176)- 


51(83)* 


9.45 


C4 


-0.09 


173 


* 


« 


Me&n 


— 0.10 


163 18 


52 ^ 2 


6.89 




*=0-02 








Total (a - 18) 








Mean 


0.10 


140 7 


48 «*= 2 


6.68 




•►=0.03 






^0-32 



•See text. . 

Abbreviations: AP/PP — see figure 3; At„ — see figure 3; 
L 9 = effective reflection distance (see text); pWV pulae- 
wavc velocity. 



significant difference in this expression between the 
subgroups A and C (table 3). 

Since more oscillatory spectra were associated with 
type A beats and flatter spectra with type C beats, the 
secondary rise in systolic pressure may well be due to 
reflected waves from the "effective" reflection site in 
the arterial system. The more pronounced secondary 
rise in systolic pressure found in type A beats and the 
less prominent late systolic characteristics of the type 
C beat may simply be a result of differences in timing 
and magnitude of reflections. 

To investigate this further, an attempt to derive the 
effective reflection site distance from the pressure 
wave form alone was made using the relationship**: 

L p - PWV At p /2 (4) 

where L p is the effective length and At p (defined in 
figure 3) represents the time of travel of the wave from 



the heart to the reflection site and back. If the single 
uniform tube model can be used as a first approxima- 
tion of the aorta, then the distances L t and L p should 
be equal. 

The average distance for the three groups calculated 
by equation 4 (L p ) was 48 ± 2 cm (sec table 2), which 
is very close to the value found by equation 2 (L z ). 
Again, no significant difference was found among sub- 
groups. 

Figure 6A demonstrates the relationship derived 
from the data shown in tables 2 and 3. (Patient C-3 
seemed to have two reflections, which appeared in 
both the pressure wave form and the impedance spec- 
tra; the modulus spectrum for patient C-4 was so flat 
that no f„ ln or f m%x could be measured.) A linear 
relationship can be seen, but with a tendency toward 
"clumping" of the data at a length of 44-^8 cm. 

The calculation of an effective length from the 
pressure pulse itself (L p ) correlates well with calcula- 
tion of the effective length from the impedance spectra 
(L x ). Equations 2 and 4 may then be used to derive ihc 
relationship 

4t p - l/(2f mln ) (5) 

where l/2f mtn has the dimension of time and may be 
expressed as At,. The relationship between transit 
time derived from the pressure data (At p ) and transit 
time derived from the impedance data (At x ) is shown 
in figure 6B. A linear relationship is again demon- 
strated, with less clumping effect than in figure 6A. 

Discussion 

This study demonstrates that input impedance can 
be obtained without additional risks to the patient if 
new methods such as the multisensor techniques 
described here arc used. Impedance should be deter- 
mined for a series of beats in the steady state rather 
than from a single beat, because beat-to- beat vari- 
ations due to noise may be considerable (fig. 2). 
Spectra from 10 beats arc suggested as the minimum 
number to be averaged for reliable results. This study 
has established the normal ranges of input impedance 
values in adult man (table 3). 

The pressure wave forms were divided into three 
subgroups (A, B and C; fig. 3) and related to the im- 
pedance spectral patterns. The impedance spectra for 
type A beats reveal an oscillatory behavior that 
suggests considerable reflection in the arterial 
system. 2, **• 2i The impedance plots derived from the 
type C beats demonstrate flatter spectra, implying 
smaller or more diffuse reflections. The type B beats 
arc intermediate between these two. Another expres- 
sion of the amount of reflection in the system is the 
magnitude of the first harmonic of the normalized im- 
pedance moduli. 22 In figure 5, the amplitude of the 
first harmonic of the normalized impedance moduli is 
highest in group A patients, lowest in group C patients 
and intermediate in group B patients. The difference 
between the group A and group B patients may be 
partly due to the lower frequency of the fundamental 
harmonic in group A (1 . 1 Hz) compared with group B 
(1.3 Hz), However, in group C patients, the fun- 
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Patient 
Group A (a =7) 
Al 
A2 
A3 
A4 
A5 
A6 
A7 

Mean =*= scm 



1146 
1223 
1025 

1006 

1059 

1 182 

1333 
1148 41 



Group B (n = 7) 
Bl 
B2 
B3 
B4 
B5 
B6 
B7 

Mean =fc sen 

Group C (n « 4) 
CI 
C2 
C3 
C4 

Mean •*» sem 



1616 
976 
1036 
1075 
1217 
1104 
1150 

nes * so 









f„ 4ft 


f 


T 

L» 


z.- 


Z 0 


(Hz) 


(Hz) 


(Hz) 


(cm) 


56 


1.04 


5.0 


5.0 


9.0 


32 


76 


1.45 


4.0 


4.4 


8.8 


49 


47 


0.94 


3.5 


3.5 


6.0 


51 


34 


0.83 




4-3 


6.3 


48 


53 


1.26 


3.5 


3,3 


6.6 


51 


39 


0.92 


4_2 


3.6 


5.0 


33 


37 


0.57 


4.0 


3.5 


G.0 


47 


49 * 6 


1.00 =*= o.ut 


4.1 * 0.2 


3.9 =» 0.2 


6.8 = 0.6 


44 * 3 


71 


0.54 


4.1 


3.9 


6,5 




29 


1.21 


4.8 


5.0 


7.0 




31 


0.55 


4.2 


3.3 


6.0 


44 


31 


0.23 


6.6 


3.7 


5.6 


45 


37 


0.62 


6.5 


4.5 


7.5 


26 


65 


0.98 


4.5 


4.4 


8.C 


48 


52 


0.82 


4.8 


3.3 


6.6 


57 


*5 ~ 7 


0.71 = 0.12 


5.1 =* 0.4 


4.0 0.2 


6.7 = 0.3 


42-4 



1093 
S49 
1263 
1059 
10G6 ~ 85 



30 
58 
39 
62 
47 * 8 



0.44 
0.12 
0.70 
0.15 
0.36 0.14| 



3.5 
3.5 
4.5 

—I 
3.8 = 0.3 



3.0 

2.6 
5.6<2_8tt 

—t 
3.7 =m 0.9 



6.0 
6.0 
1 0.0 
— t 
7.3 =t 1.3 



Total (n = IB) 
Mean scm 



48 
50 
42(S8)t 

— I 
47-2 



1137 =fe 39 47 -*= 4 



4.5 0.2 3.9 ^ 0.2 6,9 - 0.3 44 *. 2 



0-74 =» 0.09 

'AU impedance parameters are in dyn-seo-cm-* 

g-C0.05 # analysis of variance with ScheflVs test /or multiple comparison (ScheftV). 



of f b ^I7 Uti0n !i J I V = P eri P hcra J resistance (dc component of impedance); Z mia value of first minium 
fluency of urst ma^ui o^^^^ <~* - 



damcnial harmonic has a frequency similar to that of 
group B patients, but the modulus has a lower 
amplitude, indicating less, influence of reflected waves. 
Examination of the phase spectra also yields informa- 
tion related to the influence of reflections. In a system 
without reflections, the phase angle would be close to 
zero. In the patients with type a beats, the phase angle 
is much more negative for the first few harmonics than 
in the other two subgroups. 

These results indicate that the secondary rise in the 
aortic pressure wave is primarily the result of a less 
well matched arterial system, i.e., a system with con- 
siderable reflection, and not secondary to cardiac 
function. The type A beats, related to an arterial 
system with large reflections, show a secondary rise in 
pressure with a tendency toward a larger pulse 
pressure. The type C beats are present in the system 
with little or more diffuse reflections, show small sec- 



ondary rises in pressure and lend toward smaller pulse 
pressures. The magnitude of the secondary rise in the 
pressure wave forms appears to be directly related to 
the magnitude of the oscillations in the impedance 
spectra. 

Among the three subgroups there were no signifi- 
cant differences in mean aortic pressure, aortic 
radius, characteristic impedance and pulse- wave 
velocity (tables 1, 2 and 3). The ascending aortic 
properties arc therefore expected to be similar in these 
pacients. The arterial systems at the arteriolar level 
also appear to be similar; there are no significant 
differences in peripheral resistance among the groups 
(table 3). However, the lack of significant differences 
in these measurements should be approached with 
some caution due to the small group sizes. The only 
significant difference found among the three subgroups 
of patients was age, with type A beats associated with 
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Figure 6. (left) Effective length calculated from the aortic 
quency of the first minimum of (he impedance modulus (LJ. 
' us transit time from impedance data A/, (see text). 
older patients and type C beats with younger patients. 
Impedance mismatch may therefore increase with age. 
This observation is of interest in two other aspects. 
First, the greater number of patients with type A and 
B beats in this study is a reflection that most patients 
coming to cardiac catheterization arc older. Second, 
aortic input impedance derived from experimental 
studies in animals generally shows less oscillation 
about the characteristic impedance than in man. * • 
These differences may be explained by the physiolog- 
ically younger ages of the experimental animals com- 
pared to the majority of human subjects (subgroups A 
and B) reported in this study and in patients with car- 
diovascular disease. 4 -*.- 0 

The location in the arterial system from which such 
reflections arise was examined using data derived from 
both the impedance spectra and the pressure wave 
forms (equations 2 and 4). In most patients, the dis- 
tance to the effective reflection site (the effective length 
of the system) was 44-48 cm from the ascending aor- 
ta. In the adult population studied, this distance ap- 
proximates the region of the terminal abdominal aorta 
and bifurcation into the iliac and femoral arteries. 
Mills et al. 7 also found an average distance of 44 cm in 
five patients using f mln . Although it is tempting to con- 
clude that this represents a single reflection site, other 
investigators"- X4 - ** have shown that reflections in the 
arterial system arise from many points. In a model 
study, Sipkcma and WcsterhoP 7 demonstrated that 
the assumption of a single reflection may lead to 
errors. The impedance spectra derived in these studies 
are not identical to those derived from a single uni- 
form tube model: the arterial system is more com- 
>lcx.* 24 However, in the archetypal ascending aortic 
pressure pulse of adult man, a well-defined single in- 
flection point is almost always present. This is in con- 
tradistinction to most pressure wave forms in 
laboratory animal experiments where major interven- 



200 



pressure wave (LJ vs effective length calculated from the J re- 
fright } Transit time from pressure data &t» (defined in figure 3) 

lions, such as the inflation of an intraaoriic balloon," 
arc required to produce wave forms similar to the type 
A and type B beats described in the present study. 
Thus, although reflections occur from multiple 
locations in the arterial system, it appears that the 
region of the terminal abdominal aorta generates 
reflections that dominate over those arising from other 
locations in man. We have therefore chosen to use the 
term "effective" reflective site. 

O'Rourkc and Taylor" analyzed the impedance 
spectra in dogs and concluded that reflections result 
from two major sites in the arterial system. These 
spectra appear to correlate better with an eccentric T- 
tube model,' 8 in which the shorter tube corresponds to 
the vessels in the upper part of the body and the longer 
tube represents the vasculature in the lower part of the 
body. Reflections in the longer lube give rise to 
minima of the impedance moduli at the lower fre- 
quencies, but reflections in the upper tube would give 
rise to a second minimum at the higher frequencies. 
These characteristics might also give rise to two inflec- 
tion points in the pressure wave form, with the first in- 
flection a result of a reflection from the cephalad tube 
and the second a result of a reflection from the caudal 
tube. Although this model may be a more realistic 
approximation of the arterial system, the ranges f 
normal heart rates in man do not allow a reliable eval- 
uation of minima and maxima points in the higher 
frequencies due to signal noise. Furthermore, an early 
inflection point in the ascending aortic pressure wave 
form is rarely seen in normal man. In two or three pa- 
tients in this study such an inflection point was 
suggested and appeared to correlate to a second 
minimum point in the impedance spectra. However, 
most patients do not demonstrate such a rinding, and 
the major reflection appears to come from the ter- 
minal abdominal aorta. 

To pursue this point further, the change in the shape 
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of the aortic pressure wave as it travels from the 
ascending aorta to the terminal abdominal aorta is 
shown in figure 7 in one patient with a type A beat. 
The appearance of the reflected wave, as indicated by 
the timing of the inflection point, occurs progressively 
earlier in systole as the wave approaches the iliac 
bifurcation. We consider the early diastolic wave in 
the ascending aorta (denoted by arrows in figure 7) as 
part of this reflected wave. As the initial portion of the 
reflected wave progresses towards early systole with 
increasing distance from the aortic valve, the diastolic 
or trailing portion of the reflected wave moves from 
diastole into systole. This is in contrast to the explana- 
tion for the change in aortic pressure contour 
suggested by O'Rourke." where the reflection 
appeared to move progressively later into systole. In 
addition to the earlier appearance of the reflected 
wave, the amplitude of the reflection increases peri- 
pherally. The lines connecting the initial aortic up- 
stroke and the onset of the secondary pressure rise in 
figure 7 approach each other as pressure is measured 
in the terminal abdominal aorta. These observations 
further support the evidence that this region behaves 
as the major reflection site in man. 

An increase in the magnitude of reflections was 
attempted by bilateral external compression of the 
femoral arteries in four patients; one is shown in figure 
8. This intervention immediately produces a change in 
the ascending aortic pressure wave form. In this exam- 



ple, the cnd-diastolic pressure and the pressure at the 
inflection point do not change significantly, but the 
late systolic portion of the ascending aortic wave form 
immediately increases. The preocclusion value for A p 
(defined in figure 3) was 10 mm Hg and increased to 
20 mm Hg in the beat immediately after occlusion. 
The total change in aortic pulse pressure is solely ac- 
counted for by this change in the late secondary rise i n 
aortic pressure. An augmentation of reflection 
phenomena was thus accomplished by external occlu- 
sion of vessels in the region of the effective reflection 
site. 

Although an analysis of the pressure wave form 
itself does yield information regarding the arterial 
system, especially with regard to the presence or 
absence of reflections, it should be emphasized that 
pressure and flow depend not only on the arterial load, 
but also on the pump function of the heart. In this 
study, the differences in wave forms were associated 
with differences in the arterial system as demonstrated 
by input impedance calculations, but no significant 
differences in cardiac function were found. 

This study has demonstrated the ability to measure 
in a clinical cardiovascular laboratory simultaneous 
pressure and flow wave forms in man in order to 
calculate ascending aortic input impedance. The 
average of more than 15 beats per patient in a group of 
18 patients without any evidence of organic heart dis- 
ease has established the normal range of input im- 




1 
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Figure 7. Pressure waveforms as a function of location from the ascending aorta to the iliac bifurcation 
in one patient. Figure constructed from single or pairs of pulses selected from cardiac cycles with equal RR 
intervals and from similar phases of respiration. AoV ~ sensor just above aortic valve: Asc Ao = ascending 
aorta: Hi D.Ao high descending aorta; Mid T.Ao « mid thoracic aorta: Diap Ao - diaphragmatic aorta ; 
AbdAo - abdominal aorta: Term Ao = terminal abdominal aorta just before iliac bifurcation. See text for 
discussion. 
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Figure 8 . A scending aortic ( Asc A . ) pressure wa ve forms pre- and post-bilateral occlusion of the femoral 
arteries by external manual compression, {left) Sfovspeed recording dcmcnszraiing immediate increase in 
systolic pressure from 139 mm Hg to 153 mm Hg after compression (denoted by arrow), (right) Higher 
speed recording of the pre- and post occlusion beats. The diastolic aortic pressure has increased only 4 mm 
Hg as a result of decreased peripheral runoff. The initial portion of the aortic-pulse pressure from upstroke 
to the inflection point remains unchanged at 50 mm Hg The secondary rise in late systolic pressure (AP) in- 
creases from 10 mm Hg to 20 mm Hg. The reflected wave has increased by 100% and forms the major con- 
tribution to the total increase in systolic pressure. 



pedancc data. The differences in impedance spectral 
plots were correlated to the differences In the ascend- 
ing aonic pressure wave forms. These differences were 
related to the magnitude of the reflections and Che 
effective length of the arterial system- Although reflec- 
tions occur from many sites in the arterial tree, the 
major effective reflection site in man appears to be the 
region of the terminal abdominal aorta. 
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Contractile Performance of the Kypertrophied Ventricle 
in Patients with Systemic Hypertension 

Masaaki TakaHashi, M.D., Shicetaxk Sasayama, Chuichi Kawai, 

and Hajime Kotoura, M-D. 

SUMMARY To assess Che contractile state of the hypertrophic^ ventricle induced by long-standing systemic 
hypertension in 22 patients, we used echocardiography for the measurement of the ventricular diameter and 
posterior wall thickness* together with simultaneous recording of brachial arterial pressure. Meridional wall 
stress ( WSt) was used for the expression of the force per unit cross-sectional area. The WSt— diameter relation 
obtained during dynamic responses to acute pressure redaction by nitroprusside infusion was compared with 
the same relation obtained in 10 normal subjects (posterior wall thickness averaged 0.7 cm [range 0.6-0.9 cm)) 
over a range of matched systolic pressure induced by methoxamine administration. In 15 patients in whom end- 
diastoiic wall thickness increased to 1.1 cm (range 1-0-1-2 on), the linear WSt-diameter relation at end- 
systole did not differ from the control group, indicating a normal level of inotropic state. In the seven patients 
with an end -diastolic wall thickness of 1_3 cm or more, the end-systolic WSt-diameter relation was clearly 
shifted to the right and had a less steep slope. These findings indicate that in advanced left ventricular hyper- 
trophy induced by pressure overload, myocardial contractility may be depressed. 



CARDIAC HYPERTROPHY is one of the fun- 
damental mechanisms of adaptation to abnormal 
loading conditions; however, the effects of hyper- 
trophy on myocardial performance are controversial. 
Although initial studies of severe pressure overload on 
the cat right ventricle demonstrated depressed func- 
tion, 1 " 3 more recent studies in similar preparations in- 
dicated a gradual improvement of the contractile state 
during subsequent weeks, thereby emphasizing the im- 
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portant temporal relationship between the inotropic 
state level and the degree and duration of loading. 4 
Sasayama and colleagues developed an experimen- 
tal model for chronic pressure overloading by aortic 
constriction of conscious dogs and serially assessed 
the ventricular function over several weeks. 6 They 
found that the left ventricle responded to chronically 
elevated pressure by initial dilatation with increased 
wall stress and then gradual development of hyper- 
trophy with a consequent reduction in wall stress to 
near-normal states. Wall stress-diameter loops during 
a single contraction were then analyzed over a range 
of matched systolic pressures during acute aortic con- 
striction before and after induction of chronic hyper- 
trophy produced by sustained aortic constriction. The 
linear relation between left ventricular (LV) diameter 
and wall stress at the end of ventricular ejection was 
the same in control and hypcrtrophied hearts/ They 
concluded that in successful adaptation to the pressure 
overload, hypertrophy per se did not produce intrinsic 
depression of the myocardial inotropic state.* How- 
ever, these experimental overloads were acutely i n- 
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